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The effects of meson-exchange currents (MEC) are computed for the one-particle one-hole trans-
verse response function for finite nuclei at high momentum transfers q in the region of the quasielastic
peak. A semi-relativistic shell model is used for the one-particle-emission (e, e′) reaction. Relativis-
tic effects are included using relativistic kinematics, performing a semi-relativistic expansion of the
current operators and using the Dirac-equation-based (DEB) form of the relativistic mean field
potential for the final states. It is found that final-state interactions (FSI) produce an important
enhancement of the MEC in the high-energy tail of the response function for q ≥ 1 GeV/c. The
combined effect of MEC and FSI goes away when other models of the FSI, not based on the DEB
potential, are employed.
PACS numbers: 25.30.Fj; 21.60.Cs; 24.10.Jv
In recent years much of the emphasis in studies of in-
clusive (e, e′) scattering has been placed on investigations
of the scaling properties of the cross section and on the
possibility of predicting neutrino cross sections assuming
the universality of the scaling function for electromag-
netic and weak interactions. An exhaustive analysis of
(e, e′) world data has demonstrated the scaling at energy
transfers ω below the QE peak[1, 2], namely the inde-
pendence of the reduced cross sections on the momen-
tum transfer (first-kind scaling) and on the nuclear target
(second-kind scaling) when plotted versus the appropri-
ate scaling variable. It is well known that at energies
above the QE peak scaling is violated in the transverse
(T) channel by effects beyond the impulse approxima-
tion: inelastic scattering [3, 4], correlations and MEC in
both the one-particle one-hole (1p-1h) and two-particle
two-hole (2p-2h) sectors [5, 6, 7, 8].
In contrast, the available data for the longitudinal
(L) response are compatible with scaling throughout the
QE region and have permitted [9] the extraction of a
phenomenological scaling function fL. In recent work
[10, 11, 12] it has been shown that only a few models
(the relativistic mean field (RMF), the semi-relativistic
(SR) approach with DEB and a “BCS-like” model) are
capable of reproducing the detailed shape of fL, while
other models fail to reproduce the long tail appearing at
high ω. The above models effectively account for the ma-
jor ingredients needed to describe the (e, e′) responses for
intermediate-to-high momentum transfers, namely rela-
tivitic effects and an appropriate description of the effec-
tive FSI.
Approximate treatments of these two ingredients are
also possible using SR models, which have the advantage
of permitting the use of standard non-relativistic tech-
niques when correctly extrapolated to high values of q.
In this paper we use the approach of [11, 13], where a
specific SR expansion of the electroweak single-nucleon
current was used in a continuum shell-model description
of electron and neutrino inclusive QE scattering from
closed-shell nuclei. In the model the (non-relativistic)
hole states are taken to be states in a Woods-Saxon po-
tential, while the final particles in the continuum are de-
scribed with the DEB form of the RMF plus the so-called
Darwin term. Similar studies have shown that the T re-
sponse computed in impulse approximation has the same
scaling properties as the L response. The deviations from
scaling observed in data for the T response are usually
ascribed to mechanisms beyond the one-particle emission
channel, specifically, two-particle emission, delta excita-
tion and other inelastic processes.
In this paper we focus on a study of the MEC con-
tributions in the 1p-1h transverse QE response at high
momentum transfers. The MEC here are 2-body contri-
butions which at the 1p-1h level occur coherently with
the familiar 1-body contributions; the former are de-
picted in the diagrams of Fig. 1. Most of MEC studies
performed for low-to-intermediate momentum transfers
[6, 7, 14, 15, 16, 17, 18] have shown a small reduction
of the total response at the peak. These are produced
mainly via the ∆ current (diagrams (d-g) — excitation
of a virtual ∆ which subsequently decays, exchanging a
pion with a nucleon in the Fermi sea), while the seag-
ull (S) and pion-in-flight (P) currents (diagrams (a-b)
and (c) respectively) give a net positive but smaller con-
tribution [19]. Specifically, the destructive interference
between the familiar 1-body and 2-body contributions
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FIG. 1: One-particle (P ) one-hole (H) MEC diagrams con-
sidered in the present study. Diagrams (a,b) correspond to
the seagull, (c) to the pionic, and (d-g) to the ∆ current, re-
spectively. The intermediate particle K corresponds to a sum
over occupied holes in the shell-model core.
yields a 12% reduction of the total at q = 500 MeV/c,
rising to about 20% at q = 1 GeV/c. The shape of the T
response does not change too much for such kinematics,
resulting in only small scaling violations in the total T
channel. Similar effects have also been found at higher
momentum transfers using a relativistic Fermi gas (RFG)
model [5, 6]. The same trend is confirmed by the results
of the present study for q = 1 GeV/c, as shown in the
upper panel of Fig. 2: here the T response obtained using
the DEB model with and without MEC is displayed.
However, the behavior changes for higher values of q, as
shown in the lower panels of Fig. 2. For the DEB+MEC
approach the reduction of the response in the peak re-
gion due to MEC is now accompanied by an increase of
the tail in the high-ω region, where an enhancement of
RT appears as a bump, producing a drastic change from
the usual QE peak shape. Therefore one expects a large
violation of 1st-kind scaling in this region even when con-
sidering only the 1p-1h T response. The amount of vio-
lation increases with q, and for q = 1.5 GeV/c a plateau-
like shape is obtained. On the other hand, such peculiar
behavior for high q is not observed when using a Woods-
Saxon (WS) potential for the final states. The reason is
that the MEC bump appears in the high-energy region
where the WS results are very small, and therefore not
observable in the figure, whereas the DEB potential gives
rise to a long tail which emphasizes the effects occurring
at large ω.
From Fig. 1 it also appears that the seagull and pion-
in-flight diagrams very weakly affect RT while the largest
MEC contribution comes from the interference term be-
tween 1-body and 2-body ∆ currents. The SR ∆ cur-
rent used in this work is taken from [20] and includes
a static propagator for the intermediate ∆. One might
think that the static approximation should not be ade-
quate for high energies and momentum transfers. How-
ever, it was shown in [20] to be the best approximation
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FIG. 2: Transverse response for 12C versus ω for three val-
ues of q. The results with the DEB potential including the
full MEC (thick solid lines), the seagull (S) and pion-in-flight
(P) currents (thin-dashed) and only the 1-body current (thin
solid) are displayed. Also shown are the results corresponding
to the Woods-Saxon potential with the full MEC contribution
(thick-dashed).
among several prescriptions for the dynamical propagator
for q < 1 GeV/c, when comparing with the RFG model of
[6], where the relativistic ∆ propagator is treated exactly.
For the present study we have extended the SR model for
the ∆ current to q = 1.5 GeV/c. We have first checked
that at these high values of q the static approximation
is still valid, as demonstrated in Fig. 3 where we show
the interference between the ∆ and OB current in the T
response. Indeed the SR Fermi gas results are seen to be
very close to the RFG ones even for q as high as 1.5 GeV.
In the same figure we also show the SR shell-model re-
sults using the WS potential. The RFG and WS are very
similar, except for the kinematical region where the RFG
is zero. Finally, in Fig. 3 we show the results obtained
using the DEB potential, which produces a significant
hardening of the response and an oscillatory behavior at
high q. A change of sign appears above ω ≃ 1 GeV and
3SRFG
RFG
WS
DEB
q = 1 GeV/c
10.90.80.70.60.50.40.30.20.10
0.5
0
-0.5
-1
-1.5
q = 1.3 GeV/c
R
O
B
−
∆
T
[G
eV
−
1
]
1.31.21.110.90.80.70.60.50.40.30.2
0.6
0.4
0.2
0
-0.2
-0.4
-0.6
-0.8
-1
q = 1.5 GeV/c
ω [GeV]
1.51.41.31.21.110.90.80.70.60.5
0.3
0.2
0.1
0
-0.1
-0.2
-0.3
FIG. 3: The transverse response corresponding to the in-
terference between 1-body and ∆ currents is shown for the
DEB (thick-solid) and Woods-Saxon (thick-dashed) poten-
tials, the Relativistic Fermi Gas (thin-solid) and the SR Fermi
gas (thin-dashed).
is responsible for the MEC bump observed in Fig. 2. By
closer inspection of Fig. 3, a change of sign can be also
observed in the WS results for the same energy, although
the response is so small in that region that the effect is
negligible (see above).
The change of sign of the ∆ contribution and the as-
sociated bump in the response function are produced by
the pion propagator. In the shell-model studies we use a
dynamical pion propagator (i.e., the exact one) which de-
pends on the energy of the exchanged pion. The present
computations are done in position space, and the pion
propagator is Fourier-Bessel transformed through a mul-
tipole expansion (but is still energy-dependent). For pion
energies above the pion mass a pole occurs in the Fourier
integral, giving rise to a change of sign in the ∆ contri-
bution (note that the pole is treated as a principal value,
hence no real pions are being produced). Since in all
of the MEC diagrams there is an exchanged pion, one
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FIG. 4: Upper panel: the transverse response corresponding
to the pure 2-body current is displayed (solid). Also shown
are the contribution of the ∆ current alone (thin-dashed) and
of the seagull plus pion-in-flight only (thick-dashed). Lower
panel: the transverse response corresponding to the pure seag-
ull (S, thin-dashed), pion-in-flight (P, thick-dashed) and S+P
(solid) currents.
should also expect a bump in the seagull and pionic con-
tributions. In fact those bumps are present, but small.
This is better illustrated in the example of Fig. 4, where
we show for q = 1.5 GeV/c the 1-body/2-body interfer-
ence contributions to the T response. There we see that
the total MEC contribution has the same oscillatory be-
havior as the ∆ current, contributing to the MEC bump
in the high ω tail in Fig. 2. The largest contribution
comes from the ∆ current, while the seagull plus pionic
currents are very small. On closer inspection of the lower
panel we see that in fact they both show a similar struc-
ture with the expected oscillation and bump at high ω.
The seagull and pionic contributions are opposite in sign,
and almost cancel out; accordingly, their net contribution
is small and the ∆ dominates the MEC.
Further insight into the enhancement of MEC from the
pion dynamical propagator is illustrated in Fig. 5, where
we compare the full calculation with the DEB results
using a static pion propagator. The oscillation and bump
disappear when the static pion propagator is used and
the MEC contribution is significantly reduced. A similar
effect is also observed with a WS potential, even if here
the MEC bump is absent. Concerning the effect of the
DEB potential compared with the WS results, we see that
in both cases (static or dynamic pions) a hardening of
the response is observed, although in the dynamical case
an additional change of sign is produced. This change
of sign is related to the oscillatory behavior of the pion
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FIG. 5: Interference 1-body/2-body transverse response ob-
tained with the DEB (solid) and WS (dashed) potentials. The
thick lines correspond to the exact dynamical pion propaga-
tor, the thin lines to the static approximation.
propagator in coordinate space for high pion energies, in
contrast to its exponential Yukawa-type behavior in the
static case. Unfortunately, a simple estimate of the ω
value where the bump appears is not possible, since that
value does not depend on the kinematics in a trivial way.
In fact the pion propagator appears inside an involved
integration containing the nuclear wave functions over
an internal coordinate which is not attached to the pion
in the diagrams of Fig. 1. A more detailed investigation
of the physical origin and energy dependence of these
results is currently being pursued and will be reported
elsewhere.
Summarizing, in the present work we have computed
the MEC effects in the transverse 1p-1h response for high
momentum transfers in a continuum SR shell model us-
ing the DEB potential for the final states. The MEC are
found to give an important contribution to the response,
which is negative at the peak and positive in the high-
energy tail, due to a change of sign of the MEC contribu-
tion for transferred energies above 1 GeV. These results
confirm the MEC as an important source of scaling viola-
tions in the T response at high q. The MEC bump is only
predicted when the FSI produce a dynamical enhance-
ment of the high-energy tail of the responses (as in the
case of the DEB potential) and when this enhancement
works in concert with the dynamical pion propagator.
Although the effects shown in the present work are usu-
ally masked by other contributions appearing at the kine-
matical region considered (∆ production, two-particle
emission, etc.) and cannot be separately observed in in-
clusive experiments, we have shown here that they are
not negligible. This has important implications for neu-
trino reaction studies [21], where the contributions re-
ported in the present work must, of course, also be in-
cluded.
Acknowledgements
This work was partially supported by DGI (Spain):
FIS2008-01143, FPA2006-13807-C02-01, FIS2008-04189,
FPA2007-62216, by the Junta de Andaluc´ıa, by the
INFN-MEC collaboration agreement, project “Study of
relativistic dynamcis in neutrino and electron scatter-
ing”, the Spanish Consolider-Ingenio 2000 programmed
CPAN (CSD2007-00042), and part (TWD) by U.S. De-
partment of Energy under cooperative agreement DE-
FC02-94ER40818.
[1] T.W. Donnelly and I. Sick, Phys. Rev. Lett. 82, 3212
(1999).
[2] T.W. Donnelly and I. Sick, Phys. Rev. C 60, 065502
(1999).
[3] L. Alvarez-Ruso, M. B. Barbaro, T. W. Donnelly and
A. Molinari, Nucl. Phys. A 724, 157 (2003).
[4] M.B. Barbaro, J.A. Caballero, T.W. Donnelly and C.
Maieron, Phys. Rev. C 69, 035502 (2004).
[5] J. E. Amaro, M. B. Barbaro, J. A. Caballero, T. W. Don-
nelly and A. Molinari, Nucl. Phys. A 697, 388 (2002).
[6] J. E. Amaro, M. B. Barbaro, J. A. Caballero, T. W. Don-
nelly and A. Molinari, Nucl. Phys. A 723, 181 (2003).
[7] J. E. Amaro, M. B. Barbaro, J. A. Caballero, T. W. Don-
nelly and A. Molinari, Phys. Rept. 368, 317 (2002).
[8] A. De Pace, M. Nardi, W. M. Alberico, T. W. Donnelly
and A. Molinari, Nucl. Phys. A 741, 249 (2004).
[9] C. Maieron, T.W. Donnelly and I. Sick, Phys. Rev. C 65,
025502 (2002).
[10] J. A. Caballero, J. E. Amaro, M. B. Barbaro, T. W. Don-
nelly, C. Maieron and J. M. Udias, Phys. Rev. Lett. 95,
252502 (2005).
[11] J. E. Amaro, M. B. Barbaro, J. A. Caballero, T. W. Don-
nelly and J. M. Udias, Phys. Rev. C 75 (2007) 034613.
[12] M. B. Barbaro, R. Cenni, T. W. Donnelly and A. Moli-
nari, Phys. Rev. C 78, 024602 (2008).
[13] J. E. Amaro, M. B. Barbaro, J. A. Caballero, T. W. Don-
nelly and C. Maieron, Phys. Rev. C 71 (2005) 065501.
[14] W. M. Alberico, T. W. Donnelly and A. Molinari, Nucl.
Phys. A 512, 541 (1990).
[15] M.Kohno and N. Otsuka, Phys. Let. B 98, 335 (1981)
[16] M.J. Dekker, P.J. Brussaard, and J.A. Tjon, Phys. Let.
B 289, 255 (1992).
[17] A. Fabrocini, Phys. Rev. C 55, 338 (1997).
[18] V. Van del Sluys, J. Ryckebusch, and M. Waroquier,
Phys. Rev. C 51, 2664 (1995).
[19] J.E. Amaro, A.M. Lallena, G. Co, Nucl. Phys. A 578
(1994) 365.
[20] J. E. Amaro, M. B. Barbaro, J. A. Caballero and
F. Kazemi Tabatabaei, Phys. Rev. C 68, 014604 (2003).
[21] Y. Umino, J.M. Udias, and P.J. Mulders, Phys. Rev. Let.
74, 4993 (1995).
